Dichloroacetate (DCA) is a structural analog of pyruvate that has been recommended for the treatment of primary lactic acidemia, particularly in patients with pyruvate dehydrogenase (PDHC) deficiency. Recent reports have demonstrated that the response to DCA may depend on the type of molecular abnormality. In this study, we investigated the response to DCA in various PDHC-deficient cell lines and tried to determine the mechanism involved. The effect of chronic 3-d DCA treatment on PDHC activity was assessed in two PDHC-deficient cell lines, each with a different point mutation in the E1␣ subunit gene (R378C and R88C), and one cell line in which an 8-bp tandem repeat was deleted (W383 del). Only two (R378C and R88C) of the three PDHC-deficient cell lines with very low levels of PDHC activity and unstable polypeptides were sensitive to chronic DCA treatment. In these cell lines, DCA treatment resulted in an increase in PDHC activity by 125 and 70%, respectively, with concomitant increases of 121 and 130% in steady-state levels of immunoreactive E1␣. DCA treatment reduced the turnover of the E1␣ subunit in R378C and R88C mutant cells with no significant effect on the E1␤ subunit. Chronic DCA treatment significantly improved the metabolic function of PDHC in digitonin-permeabilized R378C and R88C fibroblasts. The occurrence of DCA-sensitive mutations suggests that DCA treatment is potentially useful as an adjuvant to ketogenic and vitamin treatment in PDHC-deficient patients. PDHC deficiency is a nuclear-encoded mitochondrial disorder and a major recognized cause of neonatal encephalopathies associated with primary lactic acidosis (1). This multienzyme complex plays an important role in the irreversible oxidative decarboxylation of pyruvate to acetyl-CoA. E1, one of the subunits of the complex, is a thiamine pyrophosphatedependent pyruvate decarboxylase. It is a tetramer composed of two ␣ and two ␤ subunits, the ␣ subunit containing the thiamine pyrophosphate binding sites. E2 is a dihydrolipoamide acetyl transferase. E3 is a dihydrolipoamide dehydrogenase, and E3BP or protein X mediates the interaction between E2 and E3. Two elements regulate the complex: an E1 kinase and a phospho-E1 phosphatase, which phosphorylate and dephosphorylate, respectively, three serine residues in the E1 ␣ subunit, resulting in the deactivation and activation, respectively, of the complex (2).
Dichloroacetate (DCA) is a structural analog of pyruvate that has been recommended for the treatment of primary lactic acidemia, particularly in patients with pyruvate dehydrogenase (PDHC) deficiency. Recent reports have demonstrated that the response to DCA may depend on the type of molecular abnormality. In this study, we investigated the response to DCA in various PDHC-deficient cell lines and tried to determine the mechanism involved. The effect of chronic 3-d DCA treatment on PDHC activity was assessed in two PDHC-deficient cell lines, each with a different point mutation in the E1␣ subunit gene (R378C and R88C), and one cell line in which an 8-bp tandem repeat was deleted (W383 del). Only two (R378C and R88C) of the three PDHC-deficient cell lines with very low levels of PDHC activity and unstable polypeptides were sensitive to chronic DCA treatment. In these cell lines, DCA treatment resulted in an increase in PDHC activity by 125 and 70%, respectively, with concomitant increases of 121 and 130% in steady-state levels of immunoreactive E1␣. DCA treatment reduced the turnover of the E1␣ subunit in R378C and R88C mutant cells with no significant effect on the E1␤ subunit. Chronic DCA treatment significantly improved the metabolic function of PDHC in digitonin-permeabilized R378C and R88C fibroblasts. The occurrence of DCA-sensitive mutations suggests that DCA treatment is potentially useful as an adjuvant to ketogenic and vitamin treatment in PDHC-deficient patients. PDHC deficiency is a nuclear-encoded mitochondrial disorder and a major recognized cause of neonatal encephalopathies associated with primary lactic acidosis (1) . This multienzyme complex plays an important role in the irreversible oxidative decarboxylation of pyruvate to acetyl-CoA. E1, one of the subunits of the complex, is a thiamine pyrophosphatedependent pyruvate decarboxylase. It is a tetramer composed of two ␣ and two ␤ subunits, the ␣ subunit containing the thiamine pyrophosphate binding sites. E2 is a dihydrolipoamide acetyl transferase. E3 is a dihydrolipoamide dehydrogenase, and E3BP or protein X mediates the interaction between E2 and E3. Two elements regulate the complex: an E1 kinase and a phospho-E1 phosphatase, which phosphorylate and dephosphorylate, respectively, three serine residues in the E1 ␣ subunit, resulting in the deactivation and activation, respectively, of the complex (2) .
Defects in the PDHC are frequently attributed to deficiencies in the E1 ␣ component (3), encoded by chromosome X (Xp22.1-22.2) (4, 5). Considerable phenotypic and allelic heterogeneity has been observed for this defect. Previous studies have reported that a decrease in the stability of the E1 ␣ immunoreactive subunit may contribute to the expression of many E1 ␣ mutations (6, 7); very few studies to distinguish mutations that impair polypeptide stability from those impairing catalytic efficiency have been carried out to date (8) .
DCA is a structural analog of pyruvate that has been recommended for the treatment of primary lactic acidemia, particularly in patients with respiratory chain disorders or PDHC deficiency (9) . The beneficial effects of DCA treatment are thought to arise from an increase in the flux of pyruvate to mitochondria and a decrease in serum lactate levels mediated by the stimulation of PDHC, as demonstrated by experiments involving chronic daily supplementation in rats (10) . DCA is known to be a potent inhibitor of E1 kinase, locking PDHC in its unphosphorylated, catalytically active form (11) . However, DCA treatment has remained controversial because of significant side effects such as reversible peripheral neuropathy, which may limit the long-term use of this drug. Furthermore, in one study, most of the patients treated with DCA presented neurologic deterioration advanced to such a point that no improvement was achieved despite the reversal of lactic acidemia (12) Recent reports have refocused attention on the potential benefits of chronic DCA treatment in PDHC-deficient patients by demonstrating in vitro that DCA responsiveness may be selective and depend on the type of molecular abnormality. It has been shown that chronic DCA treatment increases maximum extractable PDHC activity in cultured human fibroblasts by reducing degradation of the E1 ␣ subunit (13) and that a similar effect is observed in the fibroblasts of patients harboring mutations affecting the stability of the E1 ␣ subunit (14) .
In this study, we aimed to extend these observations to other PDHC-deficient cell lines, to confirm the underlying mechanism of chronic DCA treatment and to determine whether the increase in PDHC residual activity improved the flux of pyruvate oxidation through the PDHC reaction.
METHODS

Case reports.
The clinical and immunoblot findings for patients 1 and 2 have been reported elsewhere (15) . The studies were approved by local ethic committees and have been conducted with informed consent of the parents.
Patient 1 was born after a term pregnancy and the delivery was normal. At 50 d of age, he suffered respiratory arrest attributed to bronchiolitis, followed by a secondary seizure. At the age of 4 mo, he was referred for hypotonia, poor contact, feeding problems, and psychomotor retardation. At this time, he had drowsiness, trunk hypotonia, strabismus, severe visual impairment, and generalized areflexia and had developed a seizure disorder. Brain magnetic resonance imaging showed abnormal corpus callosum, ventriculomegaly, and cortical atrophy. Plasma lactate and pyruvate concentrations were high (5 and 0.60 mM, respectively) but the lactate to pyruvate ratio was normal (Ͻ10). He was treated with thiamine (50 mg/kg per day) and a ketogenic diet. General clinical improvement was noted after 6 mo of treatment: he had better contact, no areflexia, and a lower level of hypotonia. However, the patient died unexpectedly at the age of 2 y.
Patient 2 was a girl who presented at 7 mo with retarded development, tetraplegia, and microcephaly. Brain magnetic resonance imaging showed dilated ventricles with agenesis of corpus callosum. High lactate levels in plasma and cerebrospinal fluid were found with a normal lactate to pyruvate ratio. The patient was treated with thiamine (50 mg/kg per day). She is currently 9 y old and has axial hypotonia, peripheral hypertonia, and severe growth and mental retardation.
Patient 3, a boy, was clinically normal at birth but presented at 30 mo with acute hypotonia and retarded development.
Plasma lactate (4.5 mM) and pyruvate (0.43 mM) concentrations were high but the lactate to pyruvate ratio was normal. The patient recovered on a ketogenic diet with thiamine treatment (50 mg/kg per day). He is now 5 years old, and his growth and psychomotor function have improved, but he still has slight hypotonia.
Cell culture and lymphocyte isolation. Fibroblasts from skin biopsies were cultured in Dulbecco's modified Eagle's medium (DMEM; Invitrogen, Carlsbad, CA, U.S.A.) with 10% FCS, 100 U/mL penicillin, and 100 g/mL streptomycin. Incubations were performed with or without 5 mM DCA, which was dissolved in distilled water.
Lymphocytes were isolated on Ficoll gradient as described in (16) .
Enzyme activities in disrupted fibroblasts and lymphocytes. Total cell activity was measured in triplicate, using [1- 14 C]pyruvate (PerkinElmer Life Science Products, Boston, MA, U.S.A.) as a substrate, after maximal activation of PDHC by treatment of the cells for 15 min with 5 mM DCA before PDHC extraction obtained by three freeze-thaw cycles for fibroblasts and by sonication for lymphocytes. The cell lysates were preincubated in 0.5 mM CaCl 2 and 10 mM MgCl 2 for 10 min at 37°C as described in (16) . Citrate synthase was determined as previously described (17) .
Protein concentration was determined according to the method of Bradford (18), with BSA as the standard.
RNA isolation and SSCP analysis. Total RNA was obtained from the cultured fibroblasts of patients and mothers by extraction with the RNAplus kit (Quantum Probe-9-Biogene, Illkirch, France). Each RNA sample (5 g) was reverse-transcribed using a first-strand cDNA synthesis kit (Pharmacia Biotech, Amersham Pharmacia Biotech, Seclay, France) according to the manufacturer's instructions. The entire coding sequence of the E1 ␣ gene was amplified by PCR as six consecutive overlapping fragments, using six sets of primers as previously described (19) . SSCP analysis was performed by using 8% polyacrylamide SSCP gels (acrylamide to bis ratio, 37.5:1) with 5% glycerol. When fragments with altered migration, suggesting mutations in the gene, were detected, they were purified from the agarose gel with a Qiaquick gel extraction kit (QIAGEN, Qiagen SA, Courtaboeuf, France). PCR products or DNA fragments extracted from agarose were sequenced with commercially available automated equipment (Genome Express, Meylan, France). The mutation is numbered from the first amino acid of the sequence according to Lissens et al. (19) .
Western immunoblotting. Fibroblasts or lymphocytes were subjected to SDS-PAGE in a 10% polyacrylamide gel under reducing conditions (16) . Proteins were then electrotransferred onto nitrocellulose membranes and probed with rabbit polyclonal anti-PDHC antibodies (diluted 1/2000). The antiserum was raised against purified pig heart PDHC as described by Geoffroy et al. (16) . This antiserum recognizes all subunits of the PDHC. Along the study, different batches of antibodies were used, the capacities of which to recognize the different subunits may differ. Immunoreactive proteins were visualized with Amersham ECL detection reagents and quantified by densitometric analysis with an IMSTAR phosphorimager. The relative densities of the bands are expressed as arbitrary ab-794 sorbance units per unit surface area relative to citrate synthase activity in lysates.
Pulse-chase experiments. Confluent skin fibroblasts in 100-mm diameter dishes were incubated in 10 mL of methionine-free DMEM (Invitrogen) with 10% FCS (Invitrogen) for 1 h. The medium was then replaced with 3 mL of the same medium supplemented with 125 Ci [ 35 S]methionine (PerkinElmer Life Science Products). The cells were incubated for various times (30 min to 6 h), rinsed three times with sterile PBS, and chased for 2, 18, or 42 h in standard culture medium without radioactive methionine.
The cells were rinsed three times with PBS, lysed at 4°C with 1 mL of lysis buffer [50 mM Tris/HCl (pH 7.6), 150 mM NaCl, 1% NP-40, 0.1% SDS, 1% sodium deoxycholate, 100 g/mL phenylmethylsulfonyl fluoride, 1 g/mL aprotinin], harvested by scraping, and centrifuged for 45 min at 15,000 ϫ g. The supernatants were stored at Ϫ20°C until used for immunoprecipitation experiments. Total protein levels were determined in the supernatants by the method of Bradford (18) .
Each sample (volume corresponding to 0.3 mg protein) was preincubated with 150 L of 10% (wt/vol) protein ASepharose (Amersham) for 1h at 4°C. The mixture was centrifuged for 4 min at 10,000 ϫ g, and the supernatant incubated with PDHC antibodies (1/250) overnight at 4°C. Protein ASepharose (150 L at 10%) was then added, and incubation was continued for 1 h with constant shaking. Sepharose beads were sedimented in a microfuge for 4 min and washed four times with 1 mL of lysis buffer and once with this medium without detergents. Adsorbed proteins were eluted in 40 L of 62.5 mM Tris/HCl (pH 6.8), 2% SDS, 10% glycerol, 2% ␤-mercaptoethanol, and 0.002% bromophenol blue by incubation for 15 min at 65°C. The eluate was subjected to electrophoresis in a 10% polyacrylamide gel containing SDS, and the gel was soaked in fluorographic reagent (Amplify; Amersham), dried, and autoradiographed.
Oxidative decarboxylation assays in digitonin-permeabilized fibroblasts. The oxidation rate of [1- 14 C]pyruvate and [1,4- 14 C]succinate were measured radiochemically in digitonin-permeabilized fibroblasts. Monolayers of fibroblasts were plated on the bottom of 25-cm 2 vertical culture flasks and grown for 48 h in HAM F10 medium (Invitrogen) with 10% FCS. In some experiments, the culture medium was supplemented with 5 mM DCA for 3 d before plating and throughout the 48-h period of cell culture in the 25-cm 2 flasks. Cells were incubated with 14 C-labeled substrates for 45 min at 37°C, in 1 mL of respiratory medium (225 mM mannitol, 25 mM HEPES, 50 M EDTA (pH 7.5), 5 mM potassium phosphate, 3 mM ADP) supplemented with 2 mg/mL BSA and 20 g/mL digitonin (20) . The production of 14 Figure  1 . The E1 ␣ subunit was present in much lower quantities in fibroblasts from patients 1, 2, and 3 than in the respective controls (Fig. 1A) . In addition, levels of this subunit differed between cell types: for patients 1 and 3, E1 ␣ levels were low in fibroblasts and undetectable in freshly isolated lymphocytes Figure 1 . Western blot analysis of fibroblast cell lines (A) and freshly isolated lymphocytes (B) from patients (P1, P2, P3) and controls (C1, C2, C) with a polyclonal antibody generated against pig heart PDHC. For fibroblast cell lines, two batches of antibodies were used, one for C1, P1, and P3 and another for C2 and P2. Total protein (5 g) from each cell line was solubilized in sample buffer and subjected to SDS-PAGE in a 10% polyacrylamide gel under reducing conditions. The proteins were then electroblotted onto a nitrocellulose support matrix and probed with antibodies that reacted with all subunits of the purified PDHC. Immunoreactive proteins were detected with electrogenerated chemiluminescence detection. (Fig. 1B) . No lymphocytes were available from patient 2 for immunoblot studies. Levels of the immunoreactive E1 ␤ subunit were also low in fibroblast cell lines from patients 1 and 3 but normal in patient 2. In lymphocytes from patients 1 and 3 the levels of this subunit were undetectable. E1 ␣ cDNA sequence analysis [this report and (15)] revealed two distinct point mutations in the E1␣ gene (R378C, and R88C, for patients 1 and 3, respectively) and a deletion of an 8-bp tandem repeat (W383 del) in patient 2. These mutations were not present in the cDNAs isolated from the three mothers.
RESULTS
Biochemical and molecular characterization of PDHC in
patients. PDHC activities in cultured fibroblast cells were 6 -22% of the mean of controls in patients 1, 2, and 3 (values of 34.5 Ϯ 7.3, 117 Ϯ 17.0, 88.7 Ϯ 8.4, n ϭ 3; control values, 531 Ϯ 30 pmol·min Ϫ1 ·mg Ϫ1 protein, n ϭ 25). In fresh lymphocytes, PDHC activities were 1 and 10% of the mean of controls for patients 1 and 3, respectively (10 Ϯ 0.5 and 68 Ϯ 2.2 pmol·min Ϫ1 ·mg Ϫ1 protein, n ϭ 3; control values 754 Ϯ 18 pmol·min Ϫ1 ·mg Ϫ1 protein, n ϭ35). Immunoblot analysis of lymphocyte and fibroblast homogenates are presented in
DCA EFFECT IN PDHC-DEFICIENT PATIENTS
Chronic DCA treatment and PDHC activity. PDHC activity was 6.5 and 16.7% in cell lines from patients 1 and 3, respectively, of the mean PDHC in control and reached 14.6 and 28.0% after a long-term incubation (3 d) with 5 mM DCA (mean increase in PDHC activity by 125 and 70% in patients 1 and 3, respectively). PDHC activity was not modified by the treatment in cell lines from patient 2 (Fig. 2) . The increase in activity appeared to be selective for PDHC because citrate synthase activity, a mitochondrial matrix enzyme marker, was unchanged with respect to total cell protein after chronic DCA treatment for all cell lines tested (data not shown).
Chronic DCA treatment and steady-state level of immunoreactive E1 ␣ and ␤ subunits. To determine whether the increase in PDHC activity after chronic DCA treatment reflected an increase in PDHC quantity, Western blot analysis was performed (Fig. 3A) . We studied the cell lines from patients 1 and 3 because these lines showed the largest increase in PDHC activity after DCA treatment. Immunoblotting of the total cell protein showed that DCA treatment significantly increased, by 121 and 130%, the steady-state immunoreactive E1 ␣ levels relative to E2 levels in PDHC-deficient cell lines from patients 1 and 3, respectively (Fig. 3B) . The steady-state levels of the other immunodetectable subunits (E2 and protein X) relative to citrate synthase activity were not affected by chronic DCA treatment. Levels of immunodetectable E1 ␤ subunit were not significantly increased by DCA treatment. In control cells, no significant differences for steady-state levels of either subunit were observed.
Chronic DCA treatment and biosynthesis and turnover of E1 ␣ and ␤ subunits. To investigate the effect of DCA treatment on the cellular metabolism of PDHC components, fibroblast cells from a control and from patients 1 (R378C) and 3 (R88C) were metabolically labeled with [
35 S]methionine, and PDHC was recovered from lysates by immunoprecipitation with anti-PDHC antibodies (Fig. 4) .
The cells were pulse-labeled from 30 min to 6 h; radiolabeled PDHC components were clearly detectable (Fig. 4A) as 74-kD (E2), 55-kD (E3), 51-kD (protein X), 41-kD (E1 ␣), and 36-kD (E1 ␤) bands after 2 h, and the amounts of radiolabeled PDHC components were maximal after a 6-h pulse period (data not shown).
To estimate the turnover of the PDHC, fibroblasts from the control and patients were pulse-labeled for 6 h and chased for various times. In the control, the intensity of the signal for radiolabeled E2 and E1 ␤ declined by approximately 53 and 58%, respectively, during the subsequent 42 h; the abundance of radiolabeled E1 ␣ and X proteins declined by approximately 25% during the same period, indicating that these components were more stable (Fig. 4A) .
Fibroblast lysates from patients 1 and 3 displayed normal levels of radiolabeled components after a 6-h incubation with [ 35 S]methionine, indicating that the initial synthesis of the PDHC components, and particularly of E1 ␣ subunits, was normal. The chase study in the cell lines from patients 1 and 3 revealed that the amount of radioactivity in the mutant E1 ␣ subunits decreased during 42 h, to approximately 70% of that observed during this same period for control E1 ␣ levels (p Ͻ 0.003 and p Ͻ 0.02) for both mutant cell lines. The amount of radioactivity in E1 ␤ also decreased more rapidly (approximately 40%) than that of the control for mutant cell lines. The amount of radioactivity in E2 and X proteins were unchanged for both mutant cell lines compared with the controls. Chronic DCA treatment reduced the turnover of the E1 ␣ subunit in both mutant cells by approximately 50%. We observed no significant effect on the other PDHC components, in particular for E1 ␤ (Fig. 4B) .
Chronic DCA treatment and flux through the PDHC reaction. Digitonin-permeabilized fibroblasts were incubated in a respiratory medium with 1 mM [1-
14 C]pyruvate to measure PDHC activity in intact mitochondrial membranes. L-Carnitine was added in the medium to trap the acetyl CoA produced and prevent feedback inhibition of PDHC.
The two cell lines (from patients 1 and 3) with the largest increases in PDHC activity after DCA treatment were chosen for the study. In untreated fibroblast cell lines, 14 CO 2 production from [1- 14 C]pyruvate was impaired (Fig. 5) . But in terms of nanomoles of 14 CO 2 produced per minute per milligram of protein, pyruvate oxidation was higher in permeabilized cells (control values, 6.57 Ϯ 0.78, n ϭ 15) than the activity of the PDH complex previously measured in fibroblast homogenates. In cell lines from patients 1 and 3, respectively, 14 CO 2 production before DCA treatment was 36 and 49% compared with the control mean and reached 49% and 62% after 3 d of 5 mM DCA treatment.
Decarboxylation of [1,4-14 C]succinate was not impaired in the PDHC-deficient cell lines and was not altered by DCA treatment.
DISCUSSION
Increases in substrate flux to mitochondria and decreases in lactate levels as a result of stimulation of the PDHC have been put forward as mechanisms to account for the beneficial effects of DCA in patients with hyperlactatemia.
DCA is thought to stimulate PDHC activity by inhibiting pyruvate dehydrogenase kinase, thereby locking PDHC in its 
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DCA EFFECT IN PDHC-DEFICIENT PATIENTS unphosphorylated, catalytically active form. This short-term effect occurs within 15 min of incubation of fibroblasts with 5 mM DCA (22) . An additional increase in maximal extractable PDHC activity has also been observed in fibroblasts after 3-5 d of 5 mM DCA supplementation (14, 23) . This long-term effect was attributed to a decrease of PDHC E1 ␣ subunit degradation, as demonstrated by pulse-chase experiments in control fibroblasts (13) . An increase in maximal extractable PDHC activity has also been reported in PDHC-deficient fibroblasts, but the stabilizing effect of chronic DCA treatment was shown to be dependent on the nature of E1 ␣ subunit mutations (14) : the activity of PDHC was increased in three PDHC-deficient cell lines with PDHC E1 ␣ mutations associated with decreased polypeptide stability [mutants R141Q, R378H, and K387(fs)], whereas no change was observed in a cell line with a catalytically inactive E1 ␣ subunit (mutant R302C).
Our work confirms the selective sensitivity of PDHCdeficient cell lines to DCA treatment. Of the three PDHCdeficient cell lines with PDHC E1␣ mutations associated with both a strong decrease in PDHC activity and a decrease in polypeptide stability tested, only two were sensitive to chronic DCA treatment: these two sensitive cell lines presented mutations resulting in the replacement of an arginine with a cysteine. The cysteine might facilitate the formation of disulfide bridges, destabilizing the protein. The W383 del mutant cell line was insensitive to DCA treatment. This is probably linked to the 8-bp deletion responsible for the production of small amounts of a poorly functional truncated protein that could not be stabilized by DCA.
Immunoblot analysis identified two cases [patient 1 (R378C mutant) and patient 3 (R88C mutant)] with low steady-state levels of both immunoreactive E1 ␣ and E1 ␤, suggesting that the mutant E1 ␣ protein may be affected not only in its folding but also in the formation of a stable ␣2 ␤2 tetramer. Conversely, in the cell line from patient 2 (W383 del mutant), the steady-state levels of the two E1 subunits were different, consistent with previously reported cases, in which a variable rate of degradation of the E1 ␤ subunit and an almost constant rate of E1 ␣ subunit degradation were demonstrated by pulsechase experiments (6, 7) . This suggests that E1 ␤ subunit stability depends on the nature of the E1 ␣ subunit gene mutation rather than on the stability of the mutant E1 ␣ subunit. In our cases and in previous reports, defects in the E1 component caused no abnormality of E2 or X in immunoblot analysis.
Radiolabeling studies revealed that the mutant R378C and R88C cell lines produced E1 ␣ and E1 ␤ proteins in amounts similar to those produced in control fibroblasts. Pulse-chase experiments clearly demonstrated that E1 ␣ and E1 ␤ were degraded more rapidly in fibroblasts from patients than in control fibroblasts. The two mutant cell lines synthesized and processed normally the other subunits (E2 and X). These results are consistent with those of Morten et al. (14) for the mutant R378H cell line, except that PDHC antibodies did not immunoprecipitate the E1 ␤ subunit in the conditions used by Morten et al. (14) .
The only subunit for which the steady-state level was significantly affected by DCA treatment was E1 ␣. Pulse-chase experiments confirmed that this effect was caused by a decrease in E1 ␣ degradation, without significant effect on steady-state levels of the E1 ␤ subunit. These results are also consistent with the results of Morten et al. (14) .
We investigated whether chronic DCA treatment improved the metabolic function of PDHC by measuring 14 CO 2 production from [1- 14 C]pyruvate in digitonin-permeabilized fibroblasts from two patients. Background rates of 14 CO 2 production in permeablized E1 ␣ mutants might appear disproportionate to the severity of reduced PDHC activity. One explanation could be that part of residual 14 CO 2 production would be caused by [ 14 C]oxaloacetate formation by pyruvate carboxylase. But the high ADP to ATP ratio and the trapping of acetyl CoA by L-carnitine in the medium prevent activation of pyruvate carboxylase. Alternatively, it may be argued that the actual consequence of the PDHC defect on pyruvate metabolism is better reflected in permeabilized fibroblasts than in the current assay performed in a cell-free medium. Three days of DCA treatment mildly increased the pyruvate oxidation via the PDHC reaction. It provides further evidence that chronic DCA treatment stimulates PDHC. Additional studies in patients, such as the determination of in vivo glucose oxidation rate using stable isotopes combined with the determination of metabolites in the brain by magnetic resonance spectroscopy, might confirm the potential benefit of chronic DCA treatment in patients with DCA-sensitive mutations (24) . The occurrence of DCA-sensitive mutations suggests that DCA treatment is potentially useful as an adjuvant to ketogenic diet and vitamin treatment in PDHC-deficient patients. A time-limited clinical trial with oral DCA should be considered in such patients, provided that the diagnosis was made early, before advanced neurologic deterioration, and that DCA efficiency is assessed both clinically and metabolically, with in vitro response to DCA confirmed by further experiments in cultured fibroblasts.
